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Outline of the Lecture

• Brief historical review of neutrino detection 

• The scientific context (challenges) of neutrino detection 

• Detection techniques and neutrino detector overview 

• Future of neutrino detection
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Neutrino detection has been highly focused on single purpose for a long time. It is 
only relatively recently that broader efforts are dedicated to neutrino detection, and 
this is mainly led by the large size of detector required and the limited funding…
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A brief history of the 3 neutrinos

• Postulated by W. Pauli in 1930
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should ever do.
detected; it is something no theorist



Cadmium

A brief history of the 3 neutrinos
• Detected (𝜈e) in 1956 by Reines & Cowan (Nobel 1995)
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Cadmium

A brief history of the 3 neutrinos
• Detected (𝜈e) in 1956 by Reines & Cowan (Nobel 1995)
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A brief history of the 3 neutrinos
• 𝜈𝜇 discovery in 1962 by Lederman, Shwartz, Steinberg (Nobel 1988)
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target

Iron Shielding

Detector 
(10 tons)



A brief history of the 3 neutrinos
• 𝜈𝜇 discovery in 1962 by Lederman, Shwartz, Steinberg (Nobel 1988)
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A brief history of the 3 neutrinos
• 𝜈𝜏 discovery in 2000 by DONUT experiment (FNAL)
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A brief history of the 3 neutrinos
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A brief history of the 3 neutrinos
• 𝜈𝜏 discovery in 2000 by DONUT experiment (FNAL)
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• Emulsion data processed by “digital 
scanning techniques” 

• 18 months to process data! 

Phy. Rev. D 78, 052002 (2008)



Finding the ντ
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Finding the ντ
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Finding the ντ
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Finding the ντ
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9 ντ detected! 

Phy. Rev. D 78, 052002 (2008)
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Neutrinos and the Standard Model

• Three flavours 

• Weak interaction only 

• zero-mass
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Solar neutrinos

• In 1960’s, physicists 
had a good 
understanding of the 
sun fusion model 

• pp and pep fusion 

• Predictions for the 
neutrino flux by Bachall  

• Await experimental 
confirmation
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The	Sun	

νe 

p
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Fusion	in	the	Sun	produces	νe	

Theory	predicts	number	of	νe	

Just	need	to	build	an	experiment	
to	find	them		
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Solar neutrino detector
• In 1964, Ray Davis build a large 

neutrino detector 

• 380 000l of perchloroethylene 
(cleaning fluid!) 

• Neutrino interaction: 

• Number of 37Ar ∝ to number of 𝜈e 

• Results gave ~10 atoms of 37Ar every 
months 

• This was 1/3 of theoretical 
predictions
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Davis’	detector	

What	did	he	use	for	his	detector?	

380,000	litres	of	perchloroethylene	
cleaning	fluid!		

	

Neutrinos	detected	via 

νe + 37Cl→	37Ar	+	e-	
	

No.	of	37Ar	atoms	∝	no.	of	νe interac4ons	
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Davis’	detector	

What	did	he	use	for	his	detector?	

380,000	litres	of	perchloroethylene	
cleaning	fluid!		

	

Neutrinos	detected	via 

νe + 37Cl→	37Ar	+	e-	
	

No.	of	37Ar	atoms	∝	no.	of	νe interac4ons	

Solar Neutrino Problem!



Follow-up solar neutrino experiments
Two experiments used to address Davis’ results: Gallex (1991) and 

Kamiokande II (1985)
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KamiokaNDE:  
Kamioka Nucleon Decay Experiment

Davis’	results	

Davis	counted	10	argon	atoms	each	month.		

Equivalent	to	1/3	number	of	neutrinos	expected!		

WHAT	IS	WRONG?????	

	

Gallex,	Grand	Sasso,	Italy	 Kamiokande,	Japan	

Gallex



Follow-up solar neutrino experiments
Two experiments used to address Davis’ results: Gallex (1991) and 

Kamiokande II (1985)
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Davis’	results	

Davis	counted	10	argon	atoms	each	month.		

Equivalent	to	1/3	number	of	neutrinos	expected!		

WHAT	IS	WRONG?????	

	

Gallex,	Grand	Sasso,	Italy	 Kamiokande,	Japan	

Gallex

30 ton of Galium 

Very similar approach to Davis



Follow-up solar neutrino experiments
Two experiments used to address Davis’ results: Gallex (1991) and 

Kamiokande II (1985)
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KamiokaNDE:  
Kamioka Nucleon Decay Experiment

Neutrino detection

• Traditionally, neutrino detectors used Cherenkov radiation or 

scintillation light  


• Ex: Water Cherenkov detectors


SuperK

Track Images

47

• Muons

• full rings

• Electrons

• fuzzy rings

• Neutral pions

• double rings

13




Follow-up solar neutrino experiments
Two experiments used to address Davis’ results: Gallex (1991) and 

Kamiokande II (1985)
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Solar	neutrino	problem		



Neutrino oscillations?
• SuperKamiokande experiment 
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SuperK

February 5, 2016 28

AN EVENT IN SuperK



Neutrino oscillations!
• SuperKamiokande experiment  

• Atmospheric neutrino detection 

• 1998 -> Discovery!
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Neutrino oscillations!
• SuperKamiokande experiment  

• Atmospheric neutrino detection 

• 1998 -> Discovery!
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SuperK

2015 Nobel Prize
T. Kajita (SuperK)



Neutrino oscillations and the solar neutrino problem
SNO experiment (1999 - 2008)
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The	Sudbury	Neutrino	Observatory	

	Ultra-pure	water:	target	levels	
	
gU/gH2O 	 	4.5	x	10-13	
gTh/gH2O	 	37	x	10-14	
gU/gD2O 	 	3.0	x	10-14	
gTh/gD2O	 	3.8	x	10-15	
	

Least	radioac2ve	water	Cherenkov	detector	
in	the	universe!	



Neutrino oscillations and the solar neutrino problem
SNO experiment (1999 - 2008)
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Nu	detec.on	methods	

Elas2c	ScaSering		
-	Sensi.ve	to	all	flavours	
-	More	sensi.ve	to	νe	
-	Gives	direc.on	of	ν	

Charged	Current	
-	Sensi.ve	to	only	νe	
-	Measures	ν	energy	

Neutral	Current	
-	Equally	sensi.ve	to	all	
flavours	
-	Measures	total	8B	ν	flux	

Heavy	water	allows	independent	measurements	of	νe		and	flux	of	all	flavours	
	



Neutrino oscillations and the solar neutrino problem
SNO experiment (1999 - 2008) 

3 phases:  
1.Pure D2O (1999-2001) 

2.Pure D20 + NaCl (2002-2004) 

3.Addition of 3He proportional counters 
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Nu	detec.on	methods	

Elas2c	ScaSering		
-	Sensi.ve	to	all	flavours	
-	More	sensi.ve	to	νe	
-	Gives	direc.on	of	ν	

Charged	Current	
-	Sensi.ve	to	only	νe	
-	Measures	ν	energy	

Neutral	Current	
-	Equally	sensi.ve	to	all	
flavours	
-	Measures	total	8B	ν	flux	

Heavy	water	allows	independent	measurements	of	νe		and	flux	of	all	flavours	
	



Neutrino oscillations and the solar neutrino problem

SNO results 

31

Results	from	SNO	



Neutrino oscillations and the solar neutrino problem

SNO results 
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Results	from	SNO	

2015 Nobel Prize
A. McDonald (SNO)



Neutrino oscillation understood
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Status of neutrino physics

(νe,νμ,ντ)

9

Neutrino Mixing

W
e

!e

Since ν ’s have only weak
interactions, flavour eigenstates
are defined as those states that

couple to W

What if the flavour eigenstates are rotated relative to the mass
eigenstates (eigenstates of Hamiltonian with well-defined mass)?

⎛
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⎟⎟⎟⎟⎠
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⎥⎥⎥⎥⎦
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⎜⎜⎜⎜⎝
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⎞
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• Neutrinos are the only particles of the SM defined by their flavor eigenstates               

• This results in an oscillation between the flavors

Wednesday, January 19, 2011

1

P⌫↵!⌫�
(L, E) = sin22✓sin2

 

1.27
�m2(eV 2)L(km)

E(GeV )

!

(1)



Daya-Bay and the Last of the angles
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Mixing angles



Daya-Bay and the Last of the angles
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Neutrino oscillation understood
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Paradigm shift

• Until the discovery of neutrino oscillation (1998), neutrinos were 
not considered a priority in Particle Physics 

• Oscillation (hence mass) radically changed the perspective on 
neutrinos 

• The measurement of θ13 (2011), the last mixing angle, was the 
last missing element for neutrino physicists to go full-steam 
ahead with large scale neutrino experiments  

• Remaining questions (mass ordering, CP-violation) are now 
accessible

37



Neutrino detection

38



Neutrino detection

• Neutrinos are not detected directly 

• Neutrinos interact via “Charged” or “Neutral” currents 

• Products of the interactions are detected

39

Charge Current (CC) Interactions

 Neutrino Interactions

CCpi              

  NCpi

  CCQE
Friday, December 10, 2010
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Neutral Current (NC) Interactions

 Neutrino Interactions

CCpi              

  NCpi

  CCQE
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Neutrino detection
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• In charged-current (CC) events outgoing 
lepton tags incoming neutrino flavor. 
‣ In the case of ντ, the presence of a τ 

must be deduced from the τ decay 
products 

• In CC events nearly all the neutrino 
energy is deposited in the detector 

• In neutral-current events, only hadrons 
are present and no information about 
the incident neutrino flavor is available 

• CC rates are affected by oscillations 

• NC rates are not affected by oscillations 
‣ In only a few analyses are NC events 

considered to be signal. In most cases 
NC events are backgrounds to the CC 
processes

Neutrino detection channels

17%

17%

M.Messier, INSS 2017



Neutrino detection

41

𝓁𝓁

hadrons

electro
n sh

ower

νe

hadrons

νμ

muon tra
ck

hadrons

ντ
τg?τ

electro
n sh

ower

νe

νττ

ντ

hadrons

τ

muo
n t

rac
k

ντ

νμ

τ

Charged-current Neutral-current

hadrons

νe,μ,τ

νe,μ,τ

• In charged-current (CC) events outgoing 
lepton tags incoming neutrino flavor. 
‣ In the case of ντ, the presence of a τ 

must be deduced from the τ decay 
products 
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energy is deposited in the detector 
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are present and no information about 
the incident neutrino flavor is available 

• CC rates are affected by oscillations 

• NC rates are not affected by oscillations 
‣ In only a few analyses are NC events 

considered to be signal. In most cases 
NC events are backgrounds to the CC 
processes

Neutrino detection channels

17%

17%

M.Messier, INSS 2017

Most experiments concentrate 
on these channels



Neutrino sources, energies and cross-section 
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Neutrino sources, energies and cross-section 
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No “one-fit-all” solution here!



Very-high-Energy (TeV to PeV)
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Very-high-Energy (TeV to PeV)
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High Energy (MeV to GeV)
• Mainly human-made (accelerator)
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• In charged-current (CC) events outgoing 
lepton tags incoming neutrino flavor. 
‣ In the case of ντ, the presence of a τ 

must be deduced from the τ decay 
products 

• In CC events nearly all the neutrino 
energy is deposited in the detector 

• In neutral-current events, only hadrons 
are present and no information about 
the incident neutrino flavor is available 

• CC rates are affected by oscillations 

• NC rates are not affected by oscillations 
‣ In only a few analyses are NC events 

considered to be signal. In most cases 
NC events are backgrounds to the CC 
processes

Neutrino detection channels

17%

17%



High Energy (MeV to GeV)

Large variety of detectors 
in this energy range

47

60 m

15
.5 

m

21

SuperK

NoVA

Can you build big 
structures with 

plastic?

NoVA



High Energy (MeV to GeV)
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The MINOS Detectors

• 1 kton 
• 3.8 x 4.8 x 15 m 
• 282 steel, 153 scintillator 

planes 
• M64 PMT 
• Fast QIE electronics

• 5.4 kton 
• 8 x 8 x 30 m 
• 484 steel/scintillator 

planes 
• M16 PMT, x8 multiplexing 
• VA electronics

MINOS uses two 
functionally equivalent 
detectors: 
• 2.54 thick magnetized 

steel plates 
• 4.1 x 1 cm co-

extruded scintillator 
strips 

• optical fiber readout to 
multi-anode PMT’s

MinosMinosMinos

NuTeV Detector

Segmented detector 
Neutrino target: iron planes 
Active detector: drift chamber and scintillator planes 

Pulsed source 
FNAL Tevatron: 5 spills/min x 0.002 sec/spill gives duty cycle of 0.00017 
Number of in-spill muons: (3m x 30m x 200Hz/m2)x(0.002 s) = 40. 

Located on surface at FNAL

3 m

NuTEV

Compare the proton, 
muon, and pion tracks

12 foot bubble chamber, 
Argonne National Lab.  

Nov. 13, 1970

p µ-

π+

Bubble Chamber



High Energy (MeV to GeV)
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Wall reflectivity

• In NOvA cell, a 
photon typically 
bounces off the cell 
walls 10 times 
before being 
captured by a fiber


• This makes the 
reflectivity of the 
cell wall of crucial 
importance to 
maximizing light 
output:

‣ 0.810 = 0.11

‣ 0.910 = 0.35 

10% improvement in 
reflectivity yields factor 3 
more light!

NOvA custom PVC blend

Standard PVC blend

Wall reflectivity is issue for other scintillator 
detectors which co-extrude scintillator with a 
TiO2 reflective coating
} π0

7

NoVA

SuperK



Low-energy detectors (~1 - 100 MeV)

In this energy range only 
liquid scintillator using 
inverse beta decay can 
efficiently detect neutrinos

50

 

 

This mean that if neutrinos oscillate between flavors (electron, 
muon, and tau), they should have a non-zero mass, which shows 
that the standard model is wrong, because according to quantum 
mechanics, oscillation between neutrino flavors is only possible if 
neutrinos have mass. This is possible because the waves of the 
mass states of the different neutrinos differ from each other and 
they interfere with each other to from a different flavor states, the 
probability of oscillation between a muon neutrino and electron 
neutrino is given by the following formula: 

 
 

! !! ! !! ! !"#!!!!! !"#! !!!"!!!!
!    (1) 

      
 
 
 
where !! and !! are the two neutrino flavors, ! is the mixing 

angle, !!! is the difference in the squares of the neutrino masses, 
! is the distance between the neutrino source and the detector 
measuring neutrinos, and ! is the energy of the neutrinos. But in 
reality there are three types of neutrinos, and the following matrix 
describes better the oscillation between these three neutrinos:  
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!!
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!
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!!
!!
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!!
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 (2) 

 
  

where ! is made up of various mixing angles between the 
neutrino states, which are included on the following 3x3 matrices: 

 

        ! !
!"# !!" !"# !!" !
! !"# !!" !"# !!" !

! ! !
                      (3) 
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!"# !!" ! !!!!!" !"# !!"
! ! !

!!!!!!" !"# !!" ! !"# !!"
      (4) 
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                       (5) 

 
Equations (3), (4), and (5) together describe the unitary matrix 

!!!"#$%&'(!!!: 
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which is included on equation (2) to describe the oscillation 

between mass and flavor eigenstates of neutrinos. Equation (3) 
depends on the mixing angle !!", which was already calculated by 
observing solar neutrino oscillations. Equation (5) depends on the 
mixing angle !!", which was calculated by observing atmospheric 
neutrino oscillations caused by the collision of high-energy protons 
and nuclei in the upper atmosphere. And Equation (4) depends on 
!!", which has not been yet measured. Until now Chooz experiment 
predecessor Double Chooz has set an upper limit of !"! on !!"! 

 
Calculating the mixing angle !!" will get us to a better 

understanding of the relationship between mass and flavor states of 
neutrinos. And by knowing angle !!" we are going to be closer to 
the calculation of the !!", which is the charge-parity violation phase. 

This phase could lead us to an explanation of why we live in a matter 
universe and not in a universe dominated by antimatter.  

 
 
 
 

1.3 Double Chooz 
 
Double Chooz is a reactor experiment, which was designed to 

measure the neutrino mixing angle !!". It is a successor of the past 
Chooz experiment; Chooz experiment was a single-detector 
experiment, now Double Chooz, which is a double-detector 
experiment, is trying to improve the results of Chooz by using two 
detectors at different distances from the Reactors. Reactor 
experiments looks for the flux of electron antineutrinos, which are 
produce in abundance on the nuclear reactors, the detectors are 
trying to look for the change in the flux of electron antineutrinos as a 
function of distance (!) and energy (!!. Electron antineutrinos are 
created as a result of the fission of the isotopes U-235, U-238, Pu-
239, and Pu-241 in the reactor. Electron antineutrinos produced by 
the reactor are detected by the Double Chooz detectors using the 
process of inverse beta decay [6]: 

 
!! ! !! ! ! ! !!             (7) 

 
 

 
Figure 2: Inverse Beta Decay [8]. 

 
 

where an electron antineutrino interacts with a proton in the 
target, releasing a neutron and a positron. The positron immediately 
interacts with an electron with which it annihilates, producing photons 
that are detected by photomultipliers tubes. After 100!sec in average 
later the neutron gets captured on the gadolinium nucleus in the 
target, which again emits photons that are also detected by the 
photomultiplier tubes (Figure 2). Using this process of inverse beta 
decay we will make the CP violation and matter negligible, allowing us 
to get a more precise measurement of !!". The Double Chooz 
experiment will use two detectors at different distances at 410 meters 
and at 1.05Km from the reactor. Each detector has a target filled with 
a buffer doped with gadolinium, a molecule that has a very high 
attraction for neutrons [4]. 

 
 

 
Figure 3: Diagram of the Double Chooz “Far” detector [4]. 

 
 

 
The purpose of using two detectors with similar structure in 

Double Chooz at two different distances instead of using one, as it 

!!"#$%&'!

Predicted Predicted GeoneutrinoGeoneutrino Flux Flux

Geoneutrino flux determinations

-continental (Dusel, SNO+, LENA?)

-oceanic  (Hanohano)

Reactor FluxReactor Flux - 

irreducible background



Low-energy detectors
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Borexino
Double Chooz



Even lower energy…
• From all the supernovae that have ever exploded, a 

significant fraction of neutrinos are still wandering in 
the Universe 

• Cosmic Neutrino Background (CNB) 

• ~300/cm3

52

The dream…

 
J. Formaggio



Even lower energy…
• From all the supernovae that have ever exploded, a 

significant fraction of neutrinos are still wandering in 
the Universe 

• Cosmic Neutrino Background (CNB) 

• ~300/cm3
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The dream…



How do we go forward now?

• All previous experiments successfully achieved their goals and 
many made great discoveries! 

• Neutrino physicists now have all the information to design the 
next generation of experiments to address some of the 
remaining great questions of neutrino physics 

✓ What is the mass hierarchy (ordering) 

✓ Is there CP violation? What is 𝛿CP? 

✓ Are there sterile neutrinos?
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Main paths forward

55K. Scholberg, CPAD, Caltech 2016



Water Cherenkov option: HyperK
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LAr detectors: DUNE, SBN, MicroBooNE…

57

What’s going on in this event? 
Recorded by 50L LqAr detector in WANF beam

A.M. de la Ossa Romero, hep-ex/0703026

p
γ’s from π0→ γ γ

μ



Liquid Argon Time Projection Chambers

23 58C.Adams, FNAL Wine & Cheese, 28 July 17



“Projection” Chamber
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“Projection” Chamber
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“Projection” Chamber

26 61C.Adams, FNAL Wine & Cheese, 28 July 17



3 Projections of Same Objects

27 62C.Adams, FNAL Wine & Cheese, 28 July 17



Neutrino Images

32

Fine grained spatial resolution PLUS charge deposition information

63C.Adams, FNAL Wine & Cheese, 28 July 17



Next step: DUNE
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T= Atom

o(100 keV)

T= Nucleus

o(10 MeV)

T= Nucleons (or clusters of Nucleons) in Nuclei

o(1 GeV)

T= Quarks in Nucleons

o(>10 GeV)

Neutrinos - over such 
extended range of energies - 
probe matter from its Atomic 
structure to the ultimate 
quark structure. 

Final word on the challenge of neutrino detections

Very broad range of interactions

65
O. Palamara (2016 Lecture on Neutrino detection)



Final word on the challenge of neutrino detections

• Very broad range of interactions
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6

time

energy

The Four

L. Winslow



Coherent Scaterring

67

8

ν A

A

This process is referred to as:
Coherent Neutral Current Neutrino-Nucleaus Elastic Scattering....

time

Z0

A=A nucleus with 
atomic number A.

ν

or coherent scattering for short.

Number to Remember: 50MeV
Above this energy the neutrinos “sees” the 
constituent neutrons/protons...

L. Winslow



COHERENT detection!

68

measurable scintillation or ionization in common radiation detector materials. This is 

exacerbated by a trade-off between the enhancement to the CEnNS cross-section brought about 

by a large nuclear mass, and the smaller maximum recoil energy of a heavy target nucleus.     

 

Fig. 1. (A) Coherent Elastic Neutrino-Nucleus Scattering. For a sufficiently small momentum 
exchange (q) during neutral-current neutrino scattering (qR < 1, where R is the nuclear radius in 
natural units), a long-wavelength Z boson can probe the entire nucleus, and interact with it as a 
whole. An inconspicuous low-energy nuclear recoil is the only observable. However, the 
probability of neutrino interaction increases dramatically, with the square of the number of 
neutrons in the target nucleus. In scintillating materials, the ensuing dense cascade of secondary 
recoils dissipates a fraction of its energy as detectable light. (B) Total cross-sections from 
CEnNS and some known neutrino couplings. Included are neutrino-electron scattering, 
charged-current (CC) interaction with iodine, and inverse beta decay (IBD). Because of their 
similar nuclear masses, cesium and iodine respond to CEnNS almost identically. The present 
CEnNS measurement involves neutrino energies in the range ~16-53 MeV, the lower bound 
defined by the lowest nuclear recoil energy measured (Fig. S9), the upper bound by SNS 
neutrino emissions (Fig. S2). The cross-section for neutrino-induced neutron (NIN) generation 
following 208Pb(ne,e- xn) is also shown. This reaction, originating in lead shielding around the 
detectors, can generate a potential beam-related background affecting CEnNS searches. The 
cross-section for CEnNS is more than two orders of magnitude larger than for IBD, the 
mechanism employed for neutrino discovery (35). 

                      

produced (prompt muon neutrinos nµ, delayed electron neutrinos ne, and delayed muon anti-

neutrinos 	"#), each with characteristic energy and time distributions (Fig. S2), and all having a 

similar CEnNS cross-section for a given energy. During beam operation, approximately 5 x 1020 

protons-on-target (POT) are delivered per day, each proton returning ~0.08 isotropically-emitted 

neutrinos per flavor. An attractive feature is the pulsed nature of the emission: 60 Hz of ~1 µs-

wide POT spills. This allows us to isolate the steady-state environmental backgrounds affecting a 

CEnNS detector from the neutrino-induced signals, which should occur within ~10 µs windows 

following POT triggers. Similar time windows preceding the triggers can be inspected to obtain 

information about the nature and rate of steady-state backgrounds, which can then be subtracted 

(31, 34). A facility-wide 60 Hz trigger signal is provided by the SNS, at all times.              

                     

Fig. 2. COHERENT detectors populating the “neutrino alley” at the SNS (34). Locations in 
this basement corridor profit from more than 19 m of continuous shielding against beam-related 
neutrons, and a modest 8 m.w.e. overburden able to reduce cosmic-ray induced backgrounds, 
while sustaining an instantaneous neutrino flux as high as 1.7 x 1011 nµ / cm2 s. 

   

Fig. 3. Observation of Coherent Elastic Neutrino-Nucleus Scattering. Shown are residual 
differences (datapoints) between CsI[Na] signals in the 12 µs following POT triggers, and those 
in a 12-µs window before, as a function of their (A) energy (number of photoelectrons detected), 
and of (B) event arrival time (onset of scintillation). Steady-state environmental backgrounds 
contribute to both groups of signals equally, vanishing in the subtraction. Error bars are 
statistical. These residuals are shown for 153.5 live-days of SNS inactivity (“Beam OFF”) and 
308.1 live-days of neutrino production (“Beam ON”), over which 7.48 GWhr of energy (~1.76 x 
1023 protons) was delivered to the mercury target. Approximately 1.17 photoelectrons are 
expected per keV of cesium or iodine nuclear recoil energy (34). Characteristic excesses closely 
following the Standard Model CEnNS prediction (histograms) are observed for periods of 
neutrino production only, with a rate correlated to instantaneous beam power (Fig. S14).  

 

Figure 4 shows an example of CEnNS applications: improved constraints on non-

standard interactions between neutrinos and quarks,  caused by new physics beyond the Standard 

Model (9-11). These are extracted from the maximum deviation from Standard Model CEnNS 

predictions allowed by the present dataset (34), using the parametrization in (30, 33).  

Data-taking continues, with neutrino production expected to increase this summer by up 

to 30%, compared to the average delivered during this initial period. In addition to CsI[Na], the 

D. Akimov et al., Science (2017) 
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From K. Scholberg



Conclusion

• Neutrino detectors need to be huge! 

• No detection techniques can be applied to all energies 

• Neutrinos have a lot to teach us still and we should continue to 
explore all the possibilities 

• It’s not obvious where the great next discoveries will be 

• Let’s keep looking and inventing new ways!
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A brief history of LAr technology

• 1968: L.W. Alvarez first proposes the use of Liquid Noble Gases for  
particle detectors

• 1974: W. Willis and V. Radeka propose the use of LAr ionization chambers

ØLAr one of best materials to answer traditional calorimeters limitations

L I Q U I D - A R G O N  I O N I Z A T I O N  C H A M B E R S  223 

TABLE 1 

One  cell: 1.5 m m  s tee l+2 .0  m m  LA. 

Average in 
Steel L A  chamber  

p, g /cm z 7.9 1.4 4.2 
dE/dX, MeV/cm 11.6 2.2 6.2 
Radia t ion  length, cm 1.77 13.5 3.5 
Eortt, MeV 21 30 23 
Radia t ion  lengths  per  cell 0.084 0.015 0.099 
Interact ion length,  cm  12.9 65 24 
Dielectric cons tan t  1.6 

dE(LA)/dE(LA + steel) = 0.20 

ed material which does not attach electrons and has a 
high electron mobility. We believe that liquid argon 
satisfies the requirements better than any other material: 

i) it is dense" (1.4 g/cm3); 
ii) it does not attach electrons; 

iii) it has a high electron mobility ( ~  5 mm//~s at 
1 kV/mm); 

iv) the cost is low ($0.14-+0.50/kg, depending on 
source and quantity); 

v) it is inert, in contrast to flammable scintillators; 
vi) it is easy to obtain in a pure form and easy to 

purify; 
vii) many electronegative impurities are frozen out 

in liquid argon. 
The disadvantage is that the container must be 

insulated for liquid-argon temperature (86 K). 
Some of the properties 7) of such a device are illus- 

trated in table 1 for the configuration we have used in the 
tests described in this paper, with 1.5 mm steel plates 
immersed in liquid argon (LA). 

One sees that the sampling is indeed very fine in that 
a single cell represents less than a tenth of a radiation 
length and the energy loss across a cell is less than a 
tenth of the critical energy. The average interaction 
length is quite short, however, and the average radiation 
length is short compared to the interaction length. 
(Reasonable configurations do not allow much shorter 
interaction lengths, but the use of high-Z plates would 
provide radiation lengths as low as 15 mm.) Transition 
effects are also small, since the properties of steel and 
argon are similar. 

The observable amount  of charge is calculated in the 
following. The most important fact to be noted is that 
the ionization chamber with liquid argon is a single- 
carrier device as far as charge collection is concerned. 
Positive ions due to their very low mobility contribute 
little to the signal charge in the short time electrons 

take to drift across the gap. The basic relations for the 
current and charge waveforms for planar electrode 
geometry are illustrated in fig. 1. Fig. l(a) is for one 
ion pair. The current, due to one carrier, is determined 
as e/ t  d, by the drift time t d across the gap. The charge 
measured in the external circuit is determined by the 
ratio of the distance traversed and the electrode spacing, 
Qs(x ) / e  = ( d - x ) / d .  Due to this, electrons uniformly 
distributed across the interelectrode gap produce an 
induced signal equal to one half of their charge on the 
average. The resulting current and charge waveforms 
are different for localized ionization and for uniform 
ionization across the gap. It is interesting to note that 
for uniform ionization three quarters of the observable 
charge is "collected" in one half the drift time across 
the gap. 

We compute, now, the amount of charge for the 
calorimeter configuration described above. The energy 
loss per ion pair in argon is 26.4 eV s). The energy loss 
per observed electron charge is then 52.8 eV. Taking 
into account the fact that 20% of the energy is 
deposited in the LA in the configuration we have 
chosen, we see that the amount of energy deposit 
necessary to give a signal corresponding to one electron 
is 264 eV. In other units one GeV gives a signal of 
0.61 pC (picocoulombs). 

CALISRATION 

I |  H.V. O-IOKV 

SIGNAL 4 

DEWAR - -  

ION CHAMBER" 
10-  1110" GAPS 
PLATES 1116" 

N 
14 GeV 7T" II 

OR ~ II 1 GeV p/'rr II 

II 

SCINTILLATION / 
COUNTER 

TEFLON SPACERS 

Fig. 2. Small ionization chamber  for testing o f  charge-collection 
properties.  

Willis & Radeka, NIM 120 (1974) 5

T.Weidberg’s lectures
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A brief history…

• In the 70’s, neutrino detectors fall into 2 categories:

Ø Small sensitive mass and high resolution bubble chambers

Ø More massive detectors (only few event features are detected)

• Need for novel neutrino detection technology that combines larger mass 
with high resolution event 

→ Carlo Rubbia proposes LArTPC (1977)
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Traditional neutrino detection technologies

Bubble Chambers: e.g. Gargamelle

• Long era of BC in particle physics (1952 to 1970’s)

• Culminated with the discovery of Neutral Current interaction (1973)

Limitations:

ØLow density 

Ø Slow response time (~1sec. for recompression)

ØNot scalable to very large scale
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Traditional neutrino detection technologies

 

 

This mean that if neutrinos oscillate between flavors (electron, 
muon, and tau), they should have a non-zero mass, which shows 
that the standard model is wrong, because according to quantum 
mechanics, oscillation between neutrino flavors is only possible if 
neutrinos have mass. This is possible because the waves of the 
mass states of the different neutrinos differ from each other and 
they interfere with each other to from a different flavor states, the 
probability of oscillation between a muon neutrino and electron 
neutrino is given by the following formula: 

 
 

! !! ! !! ! !"#!!!!! !"#! !!!"!!!!
!    (1) 

      
 
 
 
where !! and !! are the two neutrino flavors, ! is the mixing 

angle, !!! is the difference in the squares of the neutrino masses, 
! is the distance between the neutrino source and the detector 
measuring neutrinos, and ! is the energy of the neutrinos. But in 
reality there are three types of neutrinos, and the following matrix 
describes better the oscillation between these three neutrinos:  
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where ! is made up of various mixing angles between the 
neutrino states, which are included on the following 3x3 matrices: 
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Equations (3), (4), and (5) together describe the unitary matrix 

!!!"#$%&'(!!!: 
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which is included on equation (2) to describe the oscillation 

between mass and flavor eigenstates of neutrinos. Equation (3) 
depends on the mixing angle !!", which was already calculated by 
observing solar neutrino oscillations. Equation (5) depends on the 
mixing angle !!", which was calculated by observing atmospheric 
neutrino oscillations caused by the collision of high-energy protons 
and nuclei in the upper atmosphere. And Equation (4) depends on 
!!", which has not been yet measured. Until now Chooz experiment 
predecessor Double Chooz has set an upper limit of !"! on !!"! 

 
Calculating the mixing angle !!" will get us to a better 

understanding of the relationship between mass and flavor states of 
neutrinos. And by knowing angle !!" we are going to be closer to 
the calculation of the !!", which is the charge-parity violation phase. 

This phase could lead us to an explanation of why we live in a matter 
universe and not in a universe dominated by antimatter.  

 
 
 
 

1.3 Double Chooz 
 
Double Chooz is a reactor experiment, which was designed to 

measure the neutrino mixing angle !!". It is a successor of the past 
Chooz experiment; Chooz experiment was a single-detector 
experiment, now Double Chooz, which is a double-detector 
experiment, is trying to improve the results of Chooz by using two 
detectors at different distances from the Reactors. Reactor 
experiments looks for the flux of electron antineutrinos, which are 
produce in abundance on the nuclear reactors, the detectors are 
trying to look for the change in the flux of electron antineutrinos as a 
function of distance (!) and energy (!!. Electron antineutrinos are 
created as a result of the fission of the isotopes U-235, U-238, Pu-
239, and Pu-241 in the reactor. Electron antineutrinos produced by 
the reactor are detected by the Double Chooz detectors using the 
process of inverse beta decay [6]: 

 
!! ! !! ! ! ! !!             (7) 

 
 

 
Figure 2: Inverse Beta Decay [8]. 

 
 

where an electron antineutrino interacts with a proton in the 
target, releasing a neutron and a positron. The positron immediately 
interacts with an electron with which it annihilates, producing photons 
that are detected by photomultipliers tubes. After 100!sec in average 
later the neutron gets captured on the gadolinium nucleus in the 
target, which again emits photons that are also detected by the 
photomultiplier tubes (Figure 2). Using this process of inverse beta 
decay we will make the CP violation and matter negligible, allowing us 
to get a more precise measurement of !!". The Double Chooz 
experiment will use two detectors at different distances at 410 meters 
and at 1.05Km from the reactor. Each detector has a target filled with 
a buffer doped with gadolinium, a molecule that has a very high 
attraction for neutrons [4]. 

 
 

 
Figure 3: Diagram of the Double Chooz “Far” detector [4]. 

 
 

 
The purpose of using two detectors with similar structure in 

Double Chooz at two different distances instead of using one, as it 

!!"#$%&'!

3

Doped Liquid Scintillators:

• Used in the neutrino discovery experiment in 1952! 

• Can reach lower detection energies (opens the 
scientific reach)

Limitations:

ØScalability limited due to light attenuation length

ØNeed low radiation material container and radiation   
buffers

ØBackground limited since only coincidence signals are 
detected (random coincidences, fast neutrons, 8He/9Li, …

74



Traditional neutrino detection technologies

Water Cherenkov:

• Discovery of neutrino oscillations!

• Allows very large volumes       
(SuperK = 50ktons)

• Technology very well understood

Limitations:

ØBackground limited due to e/! identical 
signature

ØParticles below Cherenkov threshold not 
detected

ØBig! Need big cavern ($$$)

SuperKTrack Images

47

• Muons

• full rings

• Electrons

• fuzzy rings

• Neutral pions

• double rings

4
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Geoneutrinos

76
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the only direct probe of the deep Earth  
released heat and anti-neutrinos flux in a well fixed ratio 

measure geoneutrino flux  = (in principle) =  get radiogenic heat 

in practice (as always) more complicated…..   

Earth shines in antineutrinos: flux ~ 106 cm-2 s-1 
leaving freely and instantaneously the Earth interior 
(to compare: solar neutrino (NOT antineutrino!) flux ~ 1010 cm-2 s-1) 

Geoneutrinos: electron antineutrinos  
from the decays of long lived radioactive isotopes  
naturally present in the Earth (238U and 232Th chains and  40K) 
 

238U (99.2739%(of(natural(U)  ! 206Pb + 8 α + 8 e- + 6 anti-neutrinos + 51.7 MeV 
232Th   ! 208Pb + 6 α + 4 e- + 4 anti-neutrinos + 42.8 MeV 
235U (0.7205%(of(natural(U)  ! 207Pb + 7 α + 4 e- + 4 anti-neutrinos + 46.4 MeV  
40K (0.012% of natural K)   ! 40Ca + e- + 1 anti-neutrino + 1.32 MeV (89.3 %) 

40K + e-   ! 40Ar + 1 neutrino + 1.505 MeV (10.7 %) 
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Mantle is depleted in some elements (e.g., Mantle is depleted in some elements (e.g., Th Th & U)& U)

that are enriched in the continents.that are enriched in the continents.

  -- models of mantle convection and element distribution

Th & U
rich

Th & U
poor


